Brain-derived neurotrophic factor (BDNF), via activation of TrkB receptors, mediates vital physiological functions in the brain, ranging from neuronal survival to synaptic plasticity, and has been implicated in the pathophysiology of neurodegenerative disorders. Although transcriptional regulation of the BDNF gene (Bdnf) has been extensively studied, much remains to be understood. We discovered a sequence within Bdnf promoter 4 that binds the basic helix-loop-helix protein BHLHB2 and is a target for BHLHB2-mediated transcriptional repression. NMDA receptor activation de-repressed promoter 4-mediated transcription and correlated with reduced occupancy of the promoter by BHLHB2 in cultured hippocampal neurons. Bhlhb2 gene Ϫ/Ϫ mice showed increased hippocampal exon 4-specific Bdnf mRNA levels compared with ϩ/ϩ littermates under basal and activity-dependent conditions. Bhlhb2 knock-out mice also showed increased status epilepticus susceptibility, suggesting that BHLHB2 alters neuronal excitability. Together, these results support a role for BHLHB2 as a new modulator of Bdnf transcription and neuronal excitability.
Introduction
Neurotrophins are a family of trophic factors related by primary amino acid sequence homology. One member of this family is brain-derived neurotrophic factor (BDNF). Among its primary functions, BDNF modulates the strength of existing synaptic connections and acts in forming new synaptic contacts (Thoenen, 1995; Katz and Shatz, 1996; Lu and Figurov, 1997; Chao, 2003) . BDNF is also critical in CNS development, neuronal survival, and rapid signaling via its cognate receptor, TrkB (Ghosh et al., 1994; Schwartz et al., 1997; Marini et al., 1998; Kafitz et al., 1999; Vajda, 2002) . BDNF is synthesized principally by neurons and is highly expressed throughout the brain, including the cortex and hippocampus (Ernfors et al., 1990; Phillips et al., 1990; Yan et al., 1997) , two regions involved in plasticity.
Two transcription factors known to play important roles in neuronal and synaptic plasticity are cAMP response elementbinding protein (CREB) and nuclear factor-B (NF-B). Both CREB (Frank and Greenberg, 1994; Yin et al., 1994; Wood et al., 2005) and NF-B (Meberg et al., 1996; Freudenthal and Romano, 2000; Mattson et al., 2000; Meffert et al., 2003; Freudenthal et al., 2004) have been implicated in synaptic plasticity and behavior in organisms ranging from Drosophila to crabs to mammals. Both transcription factors bind to promoter 4 of the Bdnf gene to initiate activity-dependent transcription. However, other potential cis-acting elements are present in this conserved and functionally important region. One such site is a class B E-box that sits between the CREB and NF-B binding sites, whose effect on Bdnf transcription was a focus of the present study.
BHLHB2 is a member of the basic helix-loop-helix (bHLH) superfamily of transcription factors. BHLHB2 binds to class B E-box sites on DNA either as heterodimers or homodimers and regulates numerous biological processes. BHLHB2 (also known as Sharp2, Stra13, and DEC1), is highly expressed in the rat brain (Rossner et al., 1997) . Onset of BHLHB2 gene (designated Bhlhb2 in mouse) transcription begins late in rat brain development (postnatal day 5) and increases through postnatal development in which it reaches its highest level in the adult brain (Rossner et al., 1997) . BHLHB2 is expressed by neurons in the cortex and hippocampus and has immediate-early gene characteristics. The gene is regulated by NGF, another member of the neurotrophin family, and glutamate receptors (Rossner et al., 1997) , suggesting that BHLHB2 is involved in plastic responses in the brain.
We found that BHLHB2 binds to a class B E-box that lies between known cAMP response element (CRE) and NF-B binding sites within promoter 4. NMDA receptor activation reduced endogenous BHLHB2 occupancy of promoter 4 while enhancing recruitment of activated CREB and NF-B in hippocampal neurons. Basal and activity-dependent exon 4-specific Bdnf transcription was de-repressed in Bhlhb2 knock-out (KO) mice. In addition, Bhlhb2 KO mice exhibited increased susceptibility to status epilepticus. Together, these findings suggest that the Bdnf gene is a critical target of BHLHB2 and that BHLHB2 may mediate its effect on synaptic function and neuronal activity as a transcriptional repressor.
Materials and Methods
Generation of Bhlhb2 KO mice. The conditional gene-targeting vector was constructed using a novel recombineering approach described previously (Liu et al., 2003) and is shown schematically in supplemental Figure 1 (available at www.jneurosci.org as supplemental material). A 129 bacterial artificial chromosome (BAC) library (CT7; Invitrogen, Carlsbad, CA) was screened with a Bhlhb2 genomic probe to identify a BAC clone containing the Bhlhb2 genomic locus (clone no. 532I15). A 14.4 kb BglII-SpeI restriction fragment from clone 532I15 was then isolated and ligated into a ES cell targeting vector PL253 (Liu et al., 2003) using BamHI and SpeI sites. A single lox2272 and a lox2272 plus Frtflanked neo cassette were targeted to the resulting construct in two steps in EL350 cells through recombineering as previously described (Liu et al., 2003) . First, to insert the single 5Ј lox2272 site, a targeting cassette containing Pgk-em7-neo flanked by homology arms to regions 5Ј of Bhlhb2 exon 1 was constructed in YD400, a plasmid identical to PL400 except containing two lox2272 sites replacing two wild-type (WT) loxp sites. The homology arms are PCR amplified using the following primers: 5Ј-arm sense, 5Ј-CGCGGCGGCCGCGGAGAGGCTTGCAAGTGAGC-3Ј; 5Ј-arm antisense, 5Ј-CGCGACTAGTCCAGGCGCAGCCTGCGGGTG-3Ј; 3Ј-arm sense, 5Ј-CGCGGAATTCGACCTGAGCTCCCGGGAGAG-3Ј; 3Ј-arm antisense, 5Ј-CGCGAAGCTTAACCGGTGCGCAGCTGA-GG-3Ј. The homology arms were sequence verified, restriction digested (5Ј-arm with NotI plus SpeI, and 3Ј-arm with EcoRI plus HindIII), and cloned into YD400 via four-way ligation. The targeting cassette was released by NotI/HindIII double digest and targeted through coelectroporation into heat shock-induced EL350 cells as described previously (Liu et al., 2003) . The Pgk-em7-neo sequence was then removed by electroporation into arabinose-induced Cre-expressing EL350 cells, leaving behind a single lox2272 and a SpeI site for genotyping purpose. To insert the second lox2272 site 3Ј of Bhlhb2 exon 4, a targeting cassette containing frt-Pgk-Em7-neo-frt-lox2272 was constructed in YD451, a plasmid otherwise identical to PL451 except having one lox2272 site instead of the original loxp site. Homology arms were amplified using the following primers: 5Ј-arm sense, 5Ј-CGCGGGATCCTTCATGGGCGAACAGAA-CAC-3Ј; 5Ј-arm antisense, 5Ј-CGCGCTCGAGTGGGGTACATATTAG-GATTC-3Ј; 3Ј-arm sense, 5Ј-CGCGGAATTCATAGGCGTTCTTC-AGTCCTG-3Ј; 3Ј-arm antisense, 5Ј-CGCGAAGCTTTGAGGCTGG-CAGGTTACTTC-3Ј. The targeting cassette was released by BamHI/ HindIII double digest and targeted similarly as described above. All PCRs were performed using BAC 532I15 DNA as template and conditions were as follows: 94°C for 15 s, 60°C for 30 s, and 72°C for 60 s for 30 cycles. The conditional targeting vector was then linearized by NotI digestion and electroporated into 129-derived CJ7 embryonic stem (ES) cells, using standard procedures. G418 (180 g/ml) and Ganciclovir (2 M) doubleresistant clones were analyzed by Southern blotting hybridization, using both 5Ј and 3Ј external probes (see supplemental material, available at www.jneurosci.org). These external probes were PCR amplified using the following primers: 5Ј probe, sense, 5Ј-GCCATATGTGGCAAAACGTG-3Ј; 5Ј probe, antisense, 5Ј-CAGATCTCTCCTCCTTCTCAG-3Ј; 3Ј-probe, sense, 5Ј-GCATTTGGCTTGTCATGTGC-3Ј; 3Ј-probe, antisense, 5Ј-CACTTGGTAAGAGTGCTTGC-3Ј. Correctly targeted clones were then injected into C57BL/6 blastocysts using standard procedures, and resulting chimeras were mated with C57BL/6 females to obtain germline transmission of the targeted (neo) allele. The conditional knock-out (cko) allele was obtained by crossing Bhlhb2 neo mice to ␤-actin-Flp transgenic mice. The null (ko) allele was then obtained by crossing Bhlhb2 cko mice to ␤-actin-Cre transgenic mice. The ko allele eliminates coding exons 1 through 4 from Bhlhb2, which include the bHLH (DNA binding and dimerization) domains. The KO line was maintained by intercrossing Bhlhb2 ϩ/Ϫ heterozygous mice. The mice were kept on a mixed genetic background (129, C57BL/6, and CD1). These Bhlhb2 KO mice are viable and fertile with no apparent abnormality. When aged for a year, they did not develop obvious signs of autoimmune disease observed in a different Bhlhb2-deficient mouse line described previously (Sun et al., 2001) . This discrepancy could be attributable to the genetic background difference between the two lines as the previous line is maintained on either pure 129 or 129 and C57BL/6 mixed background. A possible difference in housing condition for these animals may also play a role because environmental factors such as infections are known to play crucial roles in triggering autoimmune diseases. Mice were genotyped by a PCR-based method using ear punch DNA (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). This method used two sets of primer pairs: the WT primer pair amplified a 727 bp product only from the intact Bhlhb2 gene, whereas the second set (KO) produced a 555 bp band representing the null allele. The primer sequences were as follows: WT sense, 5Ј-GCCC-TGCAGAGCGGTTTACA-3Ј, WT antisense, 5Ј-GCAGACATACTG-GCTTGGTTTGGT-3Ј; KO sense, 5Ј-TGTGGAGATTTCACTGTG-ATCAACCA-3Ј, KO antisense, 5Ј-GCAGACATACTGGCTTG-GTTTGGT-3Ј. PCR products were resolved on 10% polyacrylamide gels, and the bands were visualized by ethidium bromide staining. Bhlhb2 mutant mice and Bhlhb2 ϩ/ϩ control littermates were selected at 5-6 months of age for subsequent analyses. Kainic acid administration. Mice were injected intraperitoneally with kainic acid (KA) in PBS (10 mg/kg). Mice were monitored and the extent of seizure activity was observed. Seizure severity (determined by forelimb clonus, partial rearing, rearing and falling) was scored according to stages as described by Liu et al. (1999) : stage 0, no abnormal behavior; stage 1, cessation of exploring, sniffing, and grooming with mice becoming motionless; stage 2, forelimb and/or tail extension with the appearance of a rigid posture; stage 3, myoclonic jerks of the head and neck, with head bobbing, with brief twitching movement; stage 4, forelimb clonus and partial rearing; stage 5, forelimb clonus, rearing and falling; stage 6, tonic-clonic movements with loss of posture and sometimes death. Time of seizure initiation (from KA injection to achieve seizure) did not differ between genotype groups. The investigator evaluating seizure stage and duration was blinded to genotype.
Cell culture. Primary rat neurons were prepared from hippocampi that were removed from brains at embryonic day 20. Tissue was dissociated by mild trypsinization and trituration as described previously (Cheng et al., 1995; Jiang et al., 2005b) . Hippocampal cells were then plated onto poly-D-lysine-coated culture dishes. Hippocampal neurons were maintained under serum-free conditions throughout the cultivation period. One-fifth of the medium was removed and replaced with fresh medium every third day to replenish nutrients. All experimental treatments were performed on neurons on day in vitro (DIV) 7-8, which contained 90 -95% neurons, except for experiments using the reporter gene constructs. Hippocampal neurons cultured in serum-free medium have been extensively characterized using neuronal and glial antibodies (Fu et al., 2002; Perry et al., 2003) . For transfection experiments, NIH3T3 fibroblasts were propagated in DMEM supplemented with 10% fetal bovine serum. In a separate experiment, NIH3T3 cells were grown in DMEM with 10% fetal bovine serum. When the cells reached confluence, the medium was switched to DMEM with 0.1% fetal bovine serum for 24 h to induce BHLHB2 expression (Sun and Taneja, 2000) . Neurons used for transfection experiments were plated in 12-or 24-well plates and maintained for 3 d before transfection using Lipofectamine 2000, according to the manufacturer's procedure (Invitrogen). Decoy DNAs were transfected into hippocampal neurons using the method of Lipsky et al. (2001) .
In vitro DNA binding activity determinations by gel shift. Nuclear extracts were prepared from cell lines or cultured rat hippocampal neurons using a nuclear extract kit (Active Motif, Carlsbad, CA). Hippocampal neurons were incubated with 50 M NMDA for 40 min before harvesting cells and preparing nuclear extracts. These neuronal nuclear extracts were used for determining NF-B and CREB DNA binding activity (supplemental Figs. 3, 5 , available at www.jneurosci.org as supplemental material). Preliminary protein blot experiments were used to determine the time point for gel shift experiments based on the time course of activation for CREB and inhibitory NF-B-␣ (I-B-␣) by NMDA in hippocampal neurons (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). Protein content was determined using a Bradford dyebinding assay (Bio-Rad Laboratories, Hercules, CA), and protein content was equalized by dilution. Nuclear extracts from primary rat hippocampal neurons and NIH3T3 cells were examined for DNA binding activity by incubating 5 g of protein with [␥-33 P]ATP (PerkinElmer Life Science, Boston, MA) probes. DNA probes were generated by annealing complementary oligonucleotide sequences corresponding to the Bdnf promoter 4 NF-B binding site (5Ј-tcgtGGACTCCCACCCACTTTCCcatt-3Ј), the CRE (5Ј-agagattgcCTgACGTCAgagagctag-3Ј), or the intervening sequence (IS) (5Ј-CGTGGAGCCCTCTCGTGGA-3Ј). Uppercase letters indicate Bdnf promoter 4 sequences. The competitor IS sequence with a mutated E-box site is shown with the altered bases underlined, 5Ј-CGTGGAG-CCCTCTACTGGA-3Ј. Probes were end-labeled with [␥-33 P]ATP using T4 polynucleotide kinase.
Supershift gel shift assays. A total of 2 g/ml rabbit polyclonal antibody to NF-B p50, NF-B p65 (Santa Cruz Biotechnology, Santa Cruz, CA), or BHLHB2 (DEC1, Stra13) (Turley et al., 2004) was incubated with each nuclear extract for 20 min before addition of radiolabeled probe and incubated for 30 min at room temperature. DNA-protein complexes were fractionated through non-denaturing 6% polyacrylamide gels in 0.5ϫ TBE buffer. Gels were dried and bands visualized by autoradiography.
Protein blots and enzyme-linked immunoassay. Phosphorylated (activated) I-B-␣ (Ser 32), total I-B-␣, phosphorylated (activated) CREB (Ser 133), and total CREB (Cell Signaling, Beverly, MA) were detected in lysates from hippocampal neurons (day 8 in vitro). Cultured neurons were treated with a subtoxic concentration of NMDA (50 M) at various times at 37°C in a 95% air/5% CO 2 humidified incubator. At the indicated time, the culture medium was removed and the cells washed twice with ice-cold Locke's buffer containing 154 mM NaCl, 5.6 mM KCl, 1 mM MgCl 2 , 2.3 mM CaCl 2 , 5.6 mM [SCAP]D-glucose, 8.6 mM HEPES, 1 mM vanadate, pH 7.4. Neurons were disrupted in 200 l of lysis buffer [1% Nonidet P-40, 20 mM Tris, pH 8.0, 137 mM NaCl, 10% glycerol, 1 mM PMSF, and protease inhibitors (0.15 U/ml aprotinin, 20 M leupeptin, 1 mM sodium vanadate)] at 4°C. After removal of cellular debris by centrifugation, the supernatant was collected and protein levels in the lysates were measured by the Bradford Coomassie Blue colorimetric assay (BioRad Laboratories) and equalized by dilution with lysis buffer. Samples were boiled in the presence of sample buffer (NuPAGE LDS sample buffer; Invitrogen) for 5 min before separation on 10% SDSpolyacrylamide gels, and proteins were transferred to nitrocellulose membranes (0.22 m; Schleicher and Schuell, Keene, NH). After blocking with 5% nonfat dry milk dissolved in Tris-buffered saline containing 0.2% Tween 20 (TBST) for 30 min, the immobilized proteins were incubated overnight at 4°C with specific antibodies and developed using enhanced chemiluminescence reagent (Amersham Biosciences, Piscataway, NJ). The same blot was stripped and reincubated with CREB or NF-B antibodies. BDNF protein levels were determined by a quantitative two-site enzyme immunoassay (Promega, Madison, WI) as described previously (Marini et al. 1998) .
Bdnf promoter 4 reporter constructs, transfection, and reporter gene assays. Rat genomic DNA was used for PCR to generate a 400 bp amplicon for subsequent cloning into a reporter plasmid. Each amplification primer incorporated a BglII restriction endonuclease cleavage site cloning into BglIIdigested pDsRed2.1 (Promega). The PCR primer sequences were as follows: forward, 5Ј-TCAGATCTCTTCTGTGTGCGTGAGT-3Ј, and reverse, 5Ј-GGAGATCTCTCCTGTTCTTCAGCAA-3Ј. These primers encompass the region Ϫ293 to ϩ117 described by Nakayama et al. (1994) . Additional promoter 4 reporter plasmids were produced for performing luciferase assays by subcloning the 400 bp insert into pGL4.10 (Promega). Selection and propagation of Bdnf promoter 4-containing reporter plasmids was performed using standard molecular techniques. Inserts were verified by sequencing. Deletions and other site-directed mutations were created with a QuikChange Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA) and the mutagenic PCR primers listed in supplemental Table 1 (available at www.jneurosci.org as supplemental material). Mutations were confirmed by sequence analysis. Hippocampal neurons in culture were maintained in 24-well plates for 3 d and then cotransfected with a combination of pbdnfDsRed and GFP constructs at a ratio of 2:1 using Lipofectamine 2000 (Invitrogen). Twenty-four hours after transfection, cells were treated with various concentrations of NMDA; 36 h after treatment, ratios of RED/green fluorescence protein (GFP) were measured. Expression of DsRed by transfected neurons was monitored using an Olympus IX70 microscope (Olympus, Melville, NY) interfaced with a Hamamatsu ORCA-ER digital camera (Hamamatsu, Tokyo, Japan). Fluorescence intensity measurements were performed using Openlab software (Improvision, Lexington, MA) and normalized for transfection efficiency using GFP, as described by Jiang et al. (2005a) . Luciferase assays were done using primary rat hippocampal neurons cotransfected with either an intact Bdnf promoter 4 reporter plasmid (pbdnf-GL4.10; firefly luciferase) or mutated promoter 4 variants of pbdnfpGL4.10 plus pRL-SV40 (Renilla luciferase) constructs, using Lipofectamine 2000. To control for transfection efficiency, we cotransfected the pbdnf-GL4.10 luciferase plasmids and pRL-SV40 plasmids using a mass ratio of 50:1 or 100:1: pbdnf-GL4.10/pRL-SV40 Renilla luciferase plasmid for cotransfection experiments or triple transfection experiments, respectively. Twenty-four hours after transfection, the neurons were treated with 50 M NMDA for 6 h. The cells were harvested for the Dual-Luciferase Reporter Assay (Promega) using passive lysis buffer. The activities of both firefly luciferase and Renilla luciferase were quantified as relative light units (RLU). Each pbdnf-pGL4.10 construct was transfected in triplicate. As a control, background RLU were determined in transfected neurons using a pGL4.10 plasmid with an inverted Bdnf promoter 4 and subtracted from experimental values. The ratio of firefly RLU to Renilla RLU for each sample well was determined, and the values were normalized to the intact bdnf promoter 4 insert.
Bhlhb2 expression plasmids. Epitope-tagged BHLHB2 (FLAG-BHLHB2) and the in-frame acidic form of the basic domain mutant (FLAG-BHLHB2 acidic) have been described previously (St. Pierre et al., 2002) . These cDNAs were previously referred to as FLAG-Stra13 and FLAG-Stra13 (acidic) because of their murine origin.
Chromatin immunoprecipitation assays. Rat hippocampal neuron cultures (E20; 8 DIV, 5 ϫ 10 7 cells per condition) were treated with 50 M NMDA for 40 min or treated with vehicle before performing the assay, using an EZ-Chip kit (Upstate, Charlottesville, VA). Pooled samples from four culture dishes were used. For chromatin immunoprecipitation (ChIP) using brain tissue samples, samples were processed as described by Tsankova et al. (2004) and then cross-linked. Using either neuronal cells in culture or brain tissue, protein bound to DNA was cross-linked by treating the cultures with 1% formaldehyde at room temperature, stopping the reaction 10 min later by the addition of 2.5 M glycine to a final concentration of 125 mM, followed by 5 min incubation at room temperature. Cells were washed with cold PBS containing a protease inhibitor mixture (Roche, Nutley, NJ). Cells were recovered by centrifugation at 700 ϫ g at 4°C for 10 min. The cell pellet was suspended in 1 ml of SDS lysis buffer containing 10 mM EDTA, 0.5 mM EGTA, and 10 mM Tris-Cl, pH 8.0, with protease inhibitor mixture, and incubated at 4°C for 10 min. The final pellets were resuspended in 2 ml of 1 mM Na-EDTA, 0.5 mM Na-EGTA, and 10 mM Tris-Cl, pH 8.0, with protease inhibitor mixture, and were sonicated using a Misonix (Farmingdale, NY) sonicator 3000, MicrotipTM 419, at a power setting of 8, 10 pulses, 12 s on, 2.5 min off, separated by cooling on ice. Samples were centrifuged at 13,000 ϫ g, 4°C for 10 min to remove insoluble material, and the supernatant containing DNA-protein complexes was collected. This treatment produced DNA fragments with an average size of 500 bp. DNA content was estimated by processing a small aliquot of the purified, chromatin-reversed cross-links by adding NaCl to a final concentration of 0.5 M and heating at 65°C for 5 h, and then recovering the DNA by ethanol precipitation. An aliquot of 1/50 vol (200 l of 10 ml dilution) was removed and stored at Ϫ20°C for later analysis as an input control.
The cell supernatant was precleared with salmon sperm DNA/protein A agarose, 50% slurry for 1 h at 4°C with agitation and was centrifuged, and the supernatant was collected. For immunoprecipitation, 12.5 g of affinity-purified polyclonal anti-CREB, anti-p65 NF-B, RNA polymerase II (RNA pol II), or 12.5 g of the anti-peptide BHLHB2 antibody were added and incubated on a rocking platform overnight at 4°C. In determining BHLHB2 antibody specificity, immunoprecipitations using anti-acetylated histone H3 (AcH3) antibody (Upstate), were performed as a positive control. As a negative control, nonimmune rabbit IgG (Upstate) or buffer-only conditions were used in place of specific antibodies. Immune complexes were precipitated by the addition of salmon sperm DNA/protein A agarose slurry for 1 h at 4°C and pelleted at 700 ϫ g for 1 min. The pellets were washed five times (1 ml each) in a low-salt wash buffer, high-salt wash buffer, and LiCl wash buffer, and twice with TE buffer. Immune complexes were finally eluted in 100 l of 1% SDS and 100 mM NaHCO 3 and were incubated at room temperature for 15 min. Protein-DNA cross-links were reversed by adding 8 l of 5 M NaCl and incubating at 65°C for 5 min, and by treatment with 1 U of RNase A and 20 g of proteinase K at 37°C for 1 h, and the resulting DNA was purified using PCR purification columns (Qiagen, Valencia, CA).
Levels of BHLHB2, CREB, NF-B, and RNA pol II occupancy at Bdnf promoter 4 were determined by measuring the amount of each specific protein associated with DNA by a semiquantitative assay and subsequently validated by a quantitative real-time PCR assay using a 7700 Sequence Detector (Applied Biosystems, Foster City, CA). For the semiquantitative assay, specific PCR primers used to amplify rat Bdnf promoter 4 were as follows: forward, 5Ј-CTAGGACTGGAAGTGGAAA-3Ј, and reverse, 5Ј-ATTTCATGCTAGCTCGCCG-3Ј. Conditions for PCR were as follows: 1 cycle of 94°C, 5 min; 40 cycles of 94°C, 15 s; 58°C, 20 s; 72°C, 30 s, followed by an extension at 72°C, 7 min. PCR products were resolved on TBE polyacrylamide gels, and the band was visualized by ethidium bromide staining. For semiquantitative determination of mouse Bdnf promoter 4 occupancy, the following PCR primers were used: forward, 5Ј-AAAGCATGCAATGCCCT-3Ј, and reverse, 5Ј-GAGATTTCATGCTAGCTCGC-3Ј. Molecular size was determined using appropriate size standards (O'GeneRuler; Fermentas, Hanover, MD). Input and immunoprecipitated DNA reactions were performed in triplicate. Relative quantification of the Bdnf promoter 4 template was determined by the ⌬Ct method as described previously (Lipsky et al., 2001) with the modification that the ⌬Ct value was normalized to input for each condition. Fold differences were then determined by raising 2 to the ⌬Ct power. Each PCR was performed in triplicate, and repeated at least two independent times. Fold differences relative to control were expressed as mean Ϯ SEM. To ensure specificity, it was necessary to design the quantitative assay using sequences 54 bp 3Ј of the transcription start site defined by Nakayama et al. (1994) . The sequences of the primers were as follows: forward, 5Ј-CTGCCTAGATCAAATGGAGCTTCT-3Ј, and reverse, 5Ј-GGAAATTGCATGGCGGAGGTAA-3Ј. The detection probe sequence was as follows: 5Ј-TGAAGGCGTGCGAGT-3Ј.
Quantitative real-time RT-PCR of Bdnf, Bhlhb2, and c-fos mRNAs. Hippocampi from Bhlhb2 mutant mice and littermate controls were collected, and mRNA was isolated using RNeasy reagent (Qiagen). The purified RNA was subjected to DNase digestion (Ambion, Austin, TX) before performing first strand cDNA synthesis (SuperScript III first-strand synthesis system; Invitrogen). Levels of specific mRNAs were determined using real-time fluorescence 5Ј-nuclease (TaqMan) assays. The following primers were used for amplifying specific regions of cDNA for each mRNA: Bhlhb2 (mouse), forward, 5Ј-GCCCACATGTACCAAGTGTACAAGT-3Ј, reverse 5Ј-TCGTTAATCCGGTCACGTCTCTT-3Ј, and detection probe 5Ј-AGACAGCAAGGAAACT-3Ј; Bdnf exon 1 (mouse and rat), forward, 5Ј-AAGCCGAACTTCTCACATGATGA-3Ј, reverse 5Ј-TGCAACCGAAGTA-TGAAATAACCATAG-3Ј, and MGB detection probe, 5Ј-AAAGCC-ACAATGTTCCAC-3Ј); Bdnf exon 4 (mouse and rat), forward, 5Ј-CTGCCTAGATCAAATGGAGCTTCT-3Ј, reverse 5Ј-GGAAATTGCA-TGGCGGAGGTAA-3Ј, detection probe 5Ј-TGAAGGCGTGCGAG-3Ј). The c-fos gene expression assay was obtained from Applied Biosystems (mouse assay ID Mm00487425_m1, reference sequence NM_010234). The TaqMan assay using a fluorogenic detection probe to exon 4 was described previously (Lipsky et al., 2001) . Levels of specific mRNA from hippocampal tissue were normalized to endogenous Gapdh mRNA levels (rodent Gapdh mRNA assay; Applied Biosystems). Fold differences of specific mRNAs relative to control were calculated by an algorithm that determines the threshold cycle (Ct) when an increase in reporter fluorescence above a baseline signal is first detected during PCR. The sequence detection software generates a calibration curve of Ct versus amount of reference cDNA and then determines unknown amounts by interpolation. Real-time fluorescence detection was performed using a 7700 Sequence Detector (Applied Biosystems). RT-PCR assays, performed in triplicate, were repeated at least twice, unless stated.
Materials. Murine NIH3T3 fibroblasts were obtained from the American Type Culture Collection (Manassas, VA). NMDA, MK-801 (dizocilpine), and glutamate were obtained from Research Biochemicals (Natick, MA). Polyclonal BHLHB2 peptide antibody (residues 403-412; shares complete identity between rat and mouse sequences) has been described previously (Turley et al., 2004) .
Results
A 22 bp segment within the 5 flanking sequence represses basal promoter activity To identify nucleotide sequences within Bdnf promoter 4 that mediate activation-dependent responses, and to define the respective contribution of the different elements, a series of deletion mutations was created, and the effect of these deletions on NMDA-mediated DsRed reporter expression was determined in transfected hippocampal neurons. Four deletion mutations were created within the 40 bp region (Fig. 1) . One mutant retained the entire 5Ј flanking region of BDNF exon 4 but deleted the CRE site (⌬CRE, Ϫ117 to Ϫ110) (Tao et al., 1998) . Another deleted the NF-B site (⌬NF-B, Ϫ87 to Ϫ79) (Lipsky et al., 2001) , whereas in the third mutant, the IS between the CRE and NF-B sites (⌬IS, Ϫ110 to Ϫ87) was deleted. The fourth deletion removed the entire Ϫ117 to Ϫ79 region of promoter 4. Neurons transfected with the intact promoter construct in the presence of increasing NMDA concentrations incrementally increased DsRed expression over the untreated control up to sixfold at the highest concentration of NMDA tested (200 M) (Fig. 2) . However, deletion of CRE, NF-B, or IS segments severely decreased responsiveness of the reporter gene in transfected neurons exposed to NMDA. Specifically, deletion of the CRE or NF-B sites or the IS reduced NMDA-mediated responses to less than twofold compared with its matched untreated control at all concentrations of NMDA tested (50 -200 M) , although the responses by the NF-B and IS mutations were significant (Fig. 2) . Deletion of the entire Ϫ117 to Ϫ79 region of promoter 4 completely abolished responsiveness to NMDA (Fig. 2) .
When the results were reanalyzed for basal expression, a different profile emerged. As shown in Figure 2 , under basal conditions, reporter gene activity of the IS deletion mutant was increased more than fivefold relative the intact promoter, suggesting the presence of a repressor element within this 22 bp Nakayama et al. (1994) . The proximal E-box described here is shown (Ϫ92 to Ϫ87) flanked by the previously known CRE and NF-B sites. Exon 4 is depicted as an open box with the transcription start site indicated by an arrow showing the direction of transcription.
segment. Deletion of the NF-B site alone enhanced basal reporter activity in transfected hippocampal neurons by more than twofold relative to the intact promoter, indicating that this region may also contribute to silencing Bdnf exon 4 transcription. Deleting nt Ϫ117 to Ϫ79 abolished basal promoter 4 activity relative to the intact promoter. Deletion of the segment containing the CRE element did not significantly alter basal reporter activity in transfected neurons.
NF-B and CRE decoy DNAs block NMDA-mediated increases in Bdnf mRNA levels
The promoter 4 region of human and rat Bdnf share Ͼ95% sequence identity (Marini et al., 2004) . The NF-B site in Bdnf promoter 4 has complete sequence identity between rats and humans, whereas the CRE element in this region differs by a single nucleotide between the two species (Marini et al., 2004) . Although rat Bdnf promoter 4 CRE (Tao et al., 1998) and NF-B sites are functional in different neuronal populations (Lipsky et al., 2001) , it is not known whether the NF-B transcription factor binding site responds to NMDA receptor activation in hippocampal neurons. To approach this question, we performed two sets of experiments: (1) gel shift assays and (2) determination of steady-state levels of Bdnf exon 4-specific mRNA from NMDA-treated neurons that were pretreated with decoy DNAs with sequences derived from a consensus NF-B binding site. In addition, we pretreated neurons with CRE decoy DNAs based on a consensus CRE sequence. Gel shift and plate binding assays were used to validate the specificity of the decoy DNAs used in subsequent experiments (supplemental material, available at www.jneurosci.org). Compared with untreated neurons, NMDA increased exon 4-specific Bdnf mRNA levels Ͼ12-fold (Fig. 3) . Neurons pretreated with decoy DNAs for the NF-B or CRE attenuated the increase in Bdnf mRNA by twofold and threefold, respectively (Fig. 3) . These data indicate that NF-B and CREB each play important roles in NMDA-mediated activation of Bdnf promoter 4 by hippocampal neurons. Taken with the reporter gene results, these findings suggest that there may be differential regulation occurring at the NF-B site under basal and activitydependent conditions. In contrast, the CRE site behaves strictly as a positive modulator of Bdnf promoter 4 activity, as expected.
Identification of a class B E-box element within the 22 bp IS segment
Because the previous deletion analysis indicated that sequences within the 22 bp IS could be involved in suppressing basal promoter 4 expression, we compared its sequence with that of known regulatory elements. We discovered a hexanucleotide sequence at position Ϫ92 to Ϫ87 (5Ј-CTCGTG-3Ј) (Fig. 1) that closely matched the consensus sequence for a class B E-box response element (5Ј-CACGTG-3Ј) (St Pierre et al., 2002) . Transcription factors of the bHLH family bind DNA through their basic domains after forming dimers (either homodimers or heterodimers). To test the hypothesis that the E-box-like element was responsible for repressing reporter gene activity, we generated another Bdnf promoter construct in which the E-box was disrupted, changing the sequence from 5Ј-CTCGTG-3Ј to 5Ј-CTACTG-3Ј. This construct was transfected into hippocampal neurons, and basal reporter gene activity was measured. The activity of the mutant promoter (E-box mutant) was compared with that from neurons transfected with constructs having either an intact Bdnf promoter (IS intact) or having the IS deletion (⌬IS, Ϫ110 to Ϫ87). The construct having the mutated E-box element showed a pattern of enhanced DsRed reporter gene activity similar to the IS deletion mutant. The deletion mutant and the dinucleotide mutant had threefold higher activity than the construct Cultured rat hippocampal neurons were pretreated with a CREB decoy or scramble DNA (112 g) or the NF-B decoy or scramble DNA (112 g) on day 7 in vitro followed by NMDA (50 M), for 6 h, and total RNA prepared. Exon 4-specific Bdnf mRNA levels were determined by a 5Ј nuclease assay and normalized to Gapdh mRNA levels. NMDA increased exon 4-specific Bdnf mRNA levels Ͼ12-fold. Neurons pretreated with NF-B or CREB decoy DNA showed an attenuated response. Data are expressed as the mean Ϯ SEM and plotted as relative fluorescence (n ϭ 4). **p Ͻ 0.01 NMDA versus no addition, CREB scramble plus NMDA versus no addition, NF-B scramble plus NMDA versus no addition;
⌬ p Ͻ 0.05 NMDA versus CREB decoy plus NMDA, NMDA versus NF-B decoy plus NMDA, NMDA versus CREB decoy plus NF-B decoy plus NMDA by ANOVA.
with the intact Bdnf promoter (Fig. 4 A) , indicating that the E-box-like element was critical for repressing basal Bdnf expression in hippocampal neurons. To determine the effect of each sequence on Bdnf promoter 4 expression, double-stranded decoy DNAs were prepared containing a consensus E-box, the IS, or a mutated IS. Each double-stranded decoy DNA was transfected into cultured hippocampal neurons for 24 h, and basal exon 4-specific Bdnf mRNA levels were quantified. Compared with untreated neurons, Bdnf expression was increased eightfold and fivefold in IS and consensus E-box decoy transfected cultures, respectively. In contrast, mutant E-box decoy DNA transfected cells showed no change in Bdnf expression (Fig. 4 B) .
BHLHB2 is part of a protein complex that binds the Bdnf promoter 4 IS By gel shift assay, a DNA-binding activity specific to the 22 bp rat Bdnf promoter 4 IS target sequence was observed using nuclear extracts produced from serum-deprived NIH3T3 cells (see Materials and Methods). The DNA-binding activity was blocked by a 50-fold molar excess of unlabeled (cold) IS probe (Fig. 5) . In addition, a competitor DNA incorporating a class B E-box element that is known to interact with BHLHB2 (5Ј-TCACGTGA-3Ј) (St Pierre et al., 2002) or a consensus class B E-box sequence (5Ј-CACGTG-3Ј) also blocked DNA binding to the probe. When nuclear extracts were incubated with the BHLHB2 antibody (Turley et al., 2004 ), a slow migrating or "supershift" band was observed with a loss of the specific band, consistent with the production of protein-antibody-DNA complex (Fig. 5 ). In contrast, preincubation with a CREB antibody failed to produce a supershift band.
Constitutive expression of BHLHB2 silences Bdnf promoter 4 in NIH3T3 cells and primary hippocampal neurons
Most bHLH proteins act as either positive or negative regulators of transcription (Einarson and Chao, 1995; Chien et al., 1996) . BHLHB2 is an immediate-early gene expressed by different cell types, including hippocampal neurons (Rossner et al. 1997) , and acts as a transcriptional repressor through class B E-box elements (St Pierre et al., 2002) . Therefore, constitutive expression of BHLHB2 could potentially repress Bdnf promoter 4-mediated transcription through its DNA-binding domain. To test this hypothesis, we cotransfected NIH3T3 cells with a mouse in-frame . Proximal E-box sequence in Bdnf promoter 4 functions as a transcriptional suppressor. A pDsRed Bdnf promoter 4 reporter plasmid having a mutated proximal E-box element was constructed by site-directed mutagenesis (see Materials and Methods). Positions of the mutated bases are shown in lowercase letters (A). Differences in pDsRed expression by transfected hippocampal neurons with Bdnf reporter promoter 4 constructs deleted for either the IS region or having a mutated E-box element. Expression was relative to the intact promoter (WT). The deletion mutant and the dinucleotide mutant had threefold higher activity than the construct with the intact Bdnf promoter. Experiments were performed five times in triplicate wells and fluorescence is expressed as mean Ϯ SEM (n ϭ 15). **p Ͻ 0.01 versus wild-type promoter (A). In a second series of experiments, double-stranded decoy DNAs composed of the IS region (Ϫ110 to Ϫ87), a consensus E-box, or a mutated E-box were used to transfect hippocampal neurons in culture for 24 h followed by determination of Bdnf exon 4-specific mRNA levels. Expression was determined by relative fluorescence relative to untreated control neurons, normalized for transfection efficiency. Compared with untreated neurons, the IS or consensus E-box decoy DNAs increased basal expression sevenfold and fourfold, respectively. The mutated E-box decoy showed no significant change relative to the no addition control neurons (mean Ϯ SEM; n ϭ 12). **p Ͻ 0.01 IS decoy versus no addition; *p Ͻ 0.05 consensus E-box versus no addition (B). 33 P-labeled double-stranded DNA probe based on the 22 bp rat Bdnf promoter 4 IS region (Ϫ110 to Ϫ87). Addition of unlabeled competitor DNA caused the binding activity to disappear in a concentration-dependent manner. Other consensus E-box containing competitor DNAs were also effective in eliminating the specific band. When a polyclonal BHLHB2 peptide antibody was incubated with the DNAprotein complex, the migration of the specific band was further retarded (shown by the arrow labeled "supershift"). No supershift was observed when the DNA-protein complex was incubated with a CREB-specific antibody.
amino-terminal epitope-tagged BHLHB2 expression plasmid (pcDNA3-FLAG-BHLHB2) and the Bdnf promoter 4 reporter plasmid. We observed that NIH3T3 cells produced high levels of DsRed expression when cotransfected with the Bdnf promoter 4 reporter plasmid. Cotransfection with FLAG-BHLHB2 repressed the constitutively high level Bdnf promoter 4 activity observed in NIH3T3 cells in a dose-dependent manner, inhibiting reporter gene activity by 75% (300 ng of DNA) compared with control (Fig. 6 A) . To determine whether repression was mediated by constitutive FLAG-BHLHB2 expression and not by other proteins, we performed cotransfection experiments with the Bdnf promoter 4-DsRed reporter plasmid and mutant BHLHB2 expression plasmid, where the basic domain conferring DNA binding activity was replaced with an in-frame peptide rich in acidic residues (EEEDDEEE) (St. Pierre et al., 2002) . This BHLHB2 mutant plasmid (FLAG-BHLHB2 acidic) failed to repress promoter 4 reporter gene expression at concentrations at which FLAG-BHLHB2 effectively repressed Bdnf promoter 4-DsRed expression, although a slight decrease in reporter gene activity was seen (ϳ15% at 300 ng of plasmid DNA) (Fig. 6 A) . The observed differences in reporter gene expression were not caused by differences in levels of either FLAG-BHLHB2 or FLAG-BHLHB2 acidic produced by transfected NIH3T3 cells. Both epitopetagged proteins were highly expressed, as determined by protein blot in duplicate samples prepared from the transfected cells (Fig.  6 B) . To determine whether BHLHB2 could repress Bdnf promoter 4 activity in neurons, we cotransfected hippocampal neurons with FLAG-BHLHB2 or FLAG-BHLHB2-acidic plasmids and a luciferase reporter plasmid, pbdnf-GL4.10 (see Materials and Methods). Similar to the results obtained using NIH3T3 cells, neurons producing FLAG-BHLHB2 showed reduced luciferase activity compared with neurons transfected with the FLAG-BHLHB2 acidic plasmid (Fig. 6C) , confirming that BHLHB2 repressed Bdnf promoter 4 activity.
Mutation of the BHLHB2 repressor site does not compensate for loss of functional CRE or NF-B sites under basal conditions but normalizes promoter 4-dependent transcription in response to NMDA receptor activation
Although our findings showed that the Ϫ117 to Ϫ79 region encompassing the CRE, E-box, and NF-B biding sites was critical for NMDA receptor-dependent transcription, we did not know whether loss of the functional BHLHB2 E-box binding site could counteract the loss of activation seen if the CRE or NF-B sites were also eliminated. To address this question, we constructed reporter plasmids carrying double mutations within promoter 4. Each plasmid had the same dinucleotide change in the BHLHB2 site sufficient to de-repress basal promoter activity (Fig. 4 A) plus either trinucelotide or dinucleotide substitutions, eliminating the CRE or NF-B p65 subunit binding sites (see Materials and Methods) . In designing these experiments, we elected to use the pGL4.10 luciferase plasmid to increase the sensitivity of the reporter gene assay under basal conditions and after NMDA receptor activation. The mutated pbdnf-GL4.10 plasmids were then introduced into primary hippocampal neurons. Two important Figure 6 . Constitutive expression of BHLHB2 represses rat Bdnf promoter 4-mediated expression by NIH3T3 cells and hippocampal neurons. DsRed expression was assayed in NIH3T3 cells cotransfected with a mouse in-frame amino-terminal FLAG epitope-tagged BHLHB2 expression plasmid (pcDNA3-FLAG-BHLHB2) and the reporter plasmid. Reporter gene activity was repressed in a dose-dependent manner (black bars; A). *p Ͻ 0.01, Student's t test. To determine whether the repression was mediated by constitutive FLAG-BHLHB2 expression and not by other proteins, we performed cotransfection experiments with the Bdnf promoter 4 reporter plasmid and an expression plasmid encoding a mutant BHLHB2, in which the basic domain conferring DNA binding activity was replaced with an in-frame peptide rich in acidic residues (EEEDDEEE) (St. Pierre et al., 2002) . Overexpression of the basic domain mutant (FLAG-BHLHB2 acidic) only slightly reduced reporter gene expression. As a control, a protein blot was performed using whole-cell lysates prepared from NIH3T3 cells cotransfected with pcDNA3-FLAG-BHLHB2 and the reporter plasmid or a parallel culture cotransfected with pcDNA3-FLAG-BHLHB2 acidic and the reporter plasmid. Proteins were fractioned on SDS-polyacrylamide gels, transferred to nylon membranes, and incubated with anti-FLAG antibody (1:5000) to show that the lack of reduced reporter gene activity in pcDNA-FLAG-BHLHB2 acidic transfected cells was not a result of reduced BHLHB2 acidic expression (B). The specific immunoreactive band representing each FLAG-BHLHB2 fusion protein is indicated by the arrow. Constitutive expression of BHLHB2 by hippocampal neurons cotransfected with a Bdnf-luciferase reporter gene plasmid also repressed transcription. Luciferase activity was measured in the Bdnf-luciferase reporter plasmid bdnf-pGL4.10. The effect on basal and NMDA receptor-mediated transcription was measured as relative luciferase level (ratio of firefly luciferase to Renilla luciferase) in transfected 4 primary hippocampal neurons cotransfected with the same FLAG-BHLHB2 and FLAG-BHLHB2 acidic constructs used previously (n ϭ 5 per experimental group). Luciferase activity was suppressed in FLAG-BHLHB2 transfected neurons compared with the FLAG-BHLHB2 acidic control (C). **p Ͻ 0.01 for the Bdnf promoter 4 reporter plasmid/FLAG BHLHB2 acidic construct versus the Bdnf promoter 4 reporter plasmid alone.
## p Ͻ 0.01 for Bdnf promoter 4 reporter plasmid/ FLAG BHLHB2 versus BDNF promoter 4 reporter plasmid/FLAG BHLHB2 acidic by Student's t test.
findings were observed in these transfected neurons under basal conditions. First, cells carrying the mutated E-box only had significantly increased levels of luciferase activity compared with the intact promoter (supplemental Fig. 6 , available at www.
jneurosci.org as supplemental material), similar to the response observed for the same E-box mutation, but quantified by DsRed fluorescence (Fig. 4 A) . Second, by mutating either the CRE site or the NF-B site on a mutated E-box background, we observed significantly reduced basal luciferase activity, consistent with the loss of a positive regulatory element (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material). Thus, under basal conditions, the lack of an E-box binding site could not compensate for the loss of positive regulatory sites. In addition, these results showed that the assay was sufficiently sensitive to detect changes in promoter 4 activity reflected by the mutations. In a parallel set of experiments, transfected neurons were treated with 50 M NMDA. After 6 h of treatment, luciferase levels were determined. Cells transfected with pbdnf-GL4.10 incorporating the E-box mutation alone showed a twofold increase in luciferase activity relative to its matched untreated control. This response was significantly lower compared with neurons transfected with the intact pbdnf-GL4.10 plasmid (2.7-fold increase) (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material). When neurons having pbdnf-GL4.10 plasmids with mutations in both the E-box and CRE sites or the E-box and the p65 NF-B sites were treated with NMDA and assayed for luciferase activity, each of the double mutants had significantly enhanced luciferase activity relative to the untreated control (2.6-fold for the E-box/NF-B double mutant and 2.9-fold for the E-box/CRE double mutant) (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material). Together, these results suggested that eliminating the E-box site itself was insufficient to allow activity-dependent transcription from promoter 4. Rather, mutating the CRE or NF-B sites on the mutant E-box background normalized activity-dependent response to that of the intact promoter (supplemental Fig. 6 , available at www. jneurosci.org as supplemental material). These findings also suggest that loss of the BHLHB2 binding site, although enhancing basal transcription, may actually interfere with NMDA-receptor specific activation of the promoter, perhaps through competition by the CREB and NF-B factors for sites on promoter 4.
Reduced BHLHB2 occupancy of Bdnf promoter 4 after NMDA receptor activation
To determine the role of endogenous BHLHB2 in the regulation of promoter 4 by NMDA receptors, we performed ChIP assays. Cross-linked chromatin from hippocampal neuron cultures treated with NMDA (50 M) or untreated neurons was sheared by sonication and subsequently incubated with antibodies specific to the p65 subunit of NF-B, CREB, BHLHB2 (DEC1) (Turley et al., 2004) , or RNA pol II to immunoprecipitate proteins bound to the chromatin. Immunoprecipitated DNA was released from cross-linked proteins followed by semiquantitative PCR, performed using primers that amplified the Bdnf promoter 4 region flanking the E-box. Immunoprecipitation of chromatin with anti-BHLHB2 antibodies resulted in decreased amplification of Bdnf promoter 4 sequences in neurons treated with NMDA (Fig. 7A) . In contrast, chromatin recovered with antip65, anti-CREB, or RNA polymerase II antibodies resulted in increased amplification products from Bdnf promoter 4 after neurons were treated with NMDA (Fig. 7A) . To examine specificity of the BHLHB2 antibody, we performed another ChIP assay using cortical tissue from Bhlhb2 Ϫ/Ϫ and Bhlhb2 ϩ/ϩ mice (see Materials and Methods). Only the Bhlhb2 ϩ/ϩ brain sample showed BHLHB2 bound to Bdnf promoter 4, indicating the antibody did not recognize other proteins complexed with DNA (supplemental Fig. 7 , available at www.jneurosci.org as supple- Figure 7 . BHLHB2 occupancy of Bdnf promoter 4 is displaced by NF-B, CREB, and RNA polymerase II after NMDA receptor activation. ChIP assays showing BHLHB2, NF-B, CREB, and RNA polymerase II occupancy within the BDNF promoter 4 after 40 min NMDA receptor activation. Changes in promoter occupancy are shown by a semiquantitative PCR assay (A) (with the 275 bp PCR product indicated by an arrow) and by a quantitative PCR assay (B). Values of promoter 4 occupancy shown in B are represented as mean Ϯ SEM of fold change over control (n ϭ 6). Association of BHLHB2 with promoter 4 decreased, whereas RNA polymerase II, NF-B, and CREB promoter occupancy increased after treatment of hippocampal neurons with 50 M NMDA after 40 min. The representative semiquantitative PCR assay also shows preimmunoprecipitated "inputs" from NMDA-treated and control neurons. A buffer-only "no antibody" condition was used as a negative control for the experiment shown in A. Samples immunoprecipitated with nonimmune rabbit IgG produced similar results as "no antibody" controls. mental material). We next performed quantitative PCR, which showed that promoter occupancy by BHLHB2 of promoter 4 occurred only under basal conditions before treatment of neurons with NMDA (Fig. 7B) . After NMDA receptor activation, a 3.5-fold increase in CREB binding and a 9-fold increase in NF-B binding occurred (Fig. 7B ). These changes in transcription factor occupancy were consistent with induction of Bdnf exon 4 mRNA levels we observed previously after NMDA treatment (Jiang et al., 2005b) . This idea was supported by the observation that, although NMDA-treated neurons had reduced BHLHB2 occupancy, they showed enhanced RNA pol II occupancy, consistent with transcriptional activation.
Quantitatively, these changes in promoter occupancy after NMDA receptor activation amounted to an 80-fold increase in RNA polymerase II binding accompanied by a 90-fold decrease in BHLHB2 binding (Fig. 7B) .
Basal levels of Bdnf exon 4 transcripts from Bhlhb2 KO mice are increased relative to ؉/؉ littermates To determine the role(s) of BHLHB2 in controlling Bdnf promoter 4-specific transcription in brain, we generated Bhlhb2 KO mice in which the first four exons of Bhlhb2 encoding the entire bHLH domain responsible for both DNA-binding and dimerization were removed by Cre-mediated recombination. As expected, RT-PCR confirmed that no full-length Bhlhb2 messages were produced in the hippocampus of homozygous Bhlhb2 KO animals (supplemental Fig. 8 , available at www.jneurosci.org as supplemental material). We also determined basal levels of exon 4-containing transcripts in hippocampus from littermates of each genotype group. Basal Bdnf exon 4 mRNA levels differed based on Bhlhb2 genotype. Homozygous Bhlhb2 knock-out mice showed a 1.6-fold increase in exon 4 mRNA levels compared with wild-type littermates ( p Ͻ 0.01) (Fig. 8 A) . The levels of another activity-dependent Bdnf transcript, exon 1, in the same hippocampal samples were not significantly changed between genotypes, suggesting the difference in basal exon 4 mRNA levels was not the result of a general increase in gene expression (Fig. 8 A) . Using cortex samples from the same Bhlhb2 knock-out and ϩ/ϩ animals, we also determined BDNF protein levels by ELISA (in picograms per milliliter; mean Ϯ SEM). BNDF levels were increased in Bhlhb2 Ϫ/Ϫ mice (37.1 Ϯ 8.12 pg/ml) relative to Bhlhb2 ϩ/ϩ mice (25.0 Ϯ 6.04 pg/ml), although the difference was not significant.
Activity-dependent increase in
Bdnf exon 4 mRNA levels in hippocampus from Bhlhb2 KO mice compared with wild-type mice The ChIP findings suggested that BHLHB2-mediated repression of Bdnf exon 4 transcription was overcome through activation of NMDA receptors. We wanted to determine whether this derepression also occurred through an activation-dependent mechanism in vivo. It is know that KA, a glutamate analog, activates Bdnf transcription from the Bdnf promoter 4 (Timmusk et al., 1993; Nakayama et al.,1994; Sathanoori et al., 2004; Aid et al., 2007) . Therefore, to test for the role of Bhlhb2 in activitydependent Bdnf expression in vivo, Bhlhb2 knock-out and control mice, each received either a single intraperitoneal injection of KA (10 mg/kg) or a single PBS injection. Ninety minutes after injection, hippocampal tissue was recovered and total mRNA was isolated for real-time RT-PCR assays (see Materials and Methods). The 10 mg/kg dose was sufficient to induce Bdnf exon 4 mRNA levels 15-fold after 90 min based on results obtained from hippocampal tissue prepared from Bhlhb2 ϩ/ϩ mice treated with KA in preliminary experiments (supplemental Fig. 9 , available at www.jneurosci.org as supplemental material). KA-treated Bhlhb2 Ϫ/Ϫ mice increased Bdnf exon 4 mRNA levels by 3-fold relative to wild-type mice, whereas Bhlhb2 ϩ/Ϫ mice increased exon 4-containing transcripts by Ͼ2.5-fold relative to wild-type mice ( p Ͻ 0.01) (Fig. 8 B) . Thus, Bhlhb2 mutant hippocampal neurons show enhanced basal and induced BDNF exon 4-containing transcript expression, as predicted. PBS-treated control mice had levels of exon 4 transcripts that were similar to basal levels of exon 4 transcripts from the different genotype groups (data not shown). To determine whether the genotypeassociated activity-dependent increase was specific, we measured Bdnf exon 1 and c-fos mRNA levels (KA is known to induce c-fos transcription) (Zhang et al., 2002) in the same samples. KA produced the expected increase in c-fos mRNA levels in hippocampus (18-fold after 90 min as determined in Bhlhb2 ϩ/ϩ mice) (supplemental Fig. 9 , available at www.jneurosci.org as supplemental material). Bdnf exon 1 mRNA levels were also elevated in Bhlhb2 ϩ/ϩ mice relative to untreated mice (fivefold) (supplemental Fig. 9 , available at www.jneurosci.org as supplemental material). However, no significant difference in c-fos or Bdnf exon 1 mRNA levels was observed in Bhlhb2 ϩ/Ϫ or Ϫ/Ϫ mice relative to Bhlhb2 ϩ/ϩ littermates (Fig. 8 B) . Together, these results suggest that BHLHB2 negatively regulates Bdnf exon 4 transcription and that neuronal activity overcomes this repression.
Bhlhb2 KO mice have increased susceptibility to kainate-induced seizures
In performing the KA experiments, we noticed that seizure severity (staged as described in Materials and Methods) was greater for the Bhlhb2 Ϫ/Ϫ animals than for the either ϩ/ϩ or ϩ/Ϫ genotype groups (Fig. 8C) ( p Ͻ 0.02). Time of seizure initiation (from KA injection to achieve seizure) did not differ between genotype groups (data not shown). These results suggest an increase in neuronal excitability in Bhlhb2 Ϫ/Ϫ animals.
Discussion
Bdnf, a highly regulated activity-dependent gene The Bdnf gene has unique structural features. The human gene spans Ͼ70 kb and is composed of at least seven 5Ј exons that are differentially spliced to a single 3Ј terminal exon (Liu et al., 2005) . Each 5Ј exon is transcribed from a unique promoter. This overall gene architecture is highly conserved in mammals. Initially, four promoters from Bdnf were characterized in the rat by Timmusk et al. (1993) . More recently, five additional transcription start sites have been defined in this rodent (Aid et al., 2007) . The well known promoter region BDNF flanking exon 4 [previously known as exon 3 (Timmusk et al., 1993; Aid et al., 2007) ] is activated by membrane depolarization in cultured cortical and hippocampal neurons. Other activators of Bdnf exon 4-specific transcription have been described, including NMDA (Lipsky et al., 2001; Jiang et al., 2005b) , kainate (Nakayama et al., 1994) , and dopamine (Fang et al., 2003) , with at least three transcription start sites mapped within an 80 bp region of DNA (Timmusk et al., 1993; Nakayama et al., 1994; Tao et al., 1998) .
NMDA receptors and BDNF activity-dependent transcription NMDA receptors play a critical role in normal brain function. Activity-dependent transcription is thought to be a crucial mechanism by which neurons convert brief cellular changes into stable alterations in brain function. These transcriptional changes constitute a form of "molecular memory" (Dash et al., 1991; Hardingham et al., 2001) and are believed to contribute significantly to adaptive responses involved in plasticity. Changes in intracellular calcium (Ca 2ϩ ) brought about through one of these mechanisms, the activation of NMDA glutamate receptor subtypes, play an essential role in neuronal plasticity (Grover and Teyler, 1990; Bashir et al., 1991; Bliss and Collingridge, 1993; Katz and Shatz, 1996; Nagerl et al., 2004; Slutsky et al., 2004) . NMDA receptors are required for other neuronal processes critical for brain function including neurogenesis (Natcher and McEwen, 2006) , the proper balance between excitatory and inhibitory input (Liu et al., 2007) and in the aging brain (Magnusson, 2000) .
Activation of NMDA receptors increases Bdnf mRNA levels in vivo and in vitro (Kokaia et al., 1993; Gwag and Springer, 1993; Favaron et al., 1993) . Increases in NMDA receptor function mediate BDNF release to promote neuronal survival (Marini et al., 1998; Jiang et al., 2005b) . BDNF enhances NMDA-mediated synaptic currents Black, 1999) through an increase in NR1 (Suen et al., 1997) and NR2B (Lin et al., 1998) phosphorylation in the postsynaptic density. BDNF also increases AMPA-mediated currents through NMDA receptormediated mechanisms . The crucial relationship and interplay between the activation of NMDA receptors and BDNF release, which in turn amplifies NMDA receptor function to enhance critical excitatory physiological processes, provided the fundamental basis for studying this model.
In this study, we identified a previously undescribed regulatory element that is highly conserved between human, mouse, and rat Bdnf promoter 4 regions and acts as a transcriptional silencer under basal conditions. Our results, obtained using molecular, cellular, and genetic approaches, including gene knockout mice, support a role for BHLHB2 as a critical regulator of exon 4-specific Bdnf gene transcription. In addition, we characterized NMDA receptor-mediated transcriptional effects on promoter 4 in hippocampal neurons. In our experimental system, Ca 2ϩ -induced CREB phosphorylation on serine-133 by NMDAtreated hippocampal neurons was sustained up to 3 h, confirming previous findings (Hardingham and Bading, 2003) , and support a mechanism by which CREB is activated by synaptic NMDA receptors (Vanhoutte and Bading, 2003) . We extended our previous findings that an NF-B site that responds to NMDA receptor activation in cultured rat cerebellar granule cells (Lipsky et al., 2001 ) is also responsive to NMDA treatment in hippocampal neuronal cultures. Nevertheless, the activation of both NF-B and CREB in this system is likely to have important biological significance in which NMDA receptor activation can effect changes in synaptic function by inducing Bdnf transcription and by enhancing its release into the extracellular milieu.
To determine the relative contribution of the CRE and NF-B elements, we generated three deletion mutations that retained the entire 5Ј flanking region of Bdnf exon 4 but deleted the CRE site, or the NF-B site, or the IS. Deleting either the CRE or NF-B sites incrementally decreased responsiveness of the reporter to different NMDA concentrations compared with the intact promoter. Deletion of the NF-B site enhanced basal promoter ac-4 KA (BDNF4, **p Ͻ 0.01, Student's t test.). Promoter 1 driven Bdnf expression (BNDF1) and c-fos mRNA levels showed no significant differences between genotype groups. C, Susceptibility of Bhlhb2 mutant mice to kainate-induced seizures. Mice were injected intraperitoneally with KA (10 mg/kg). Mice were monitored and the extent of seizure activity was observed. Seizure severity (determined by forelimb clonus, partial rearing, rearing and falling) was scored according to stages as described in Materials and Methods. Seizure severity was greater for the Bhlhb2 Ϫ/Ϫ animals than for the either ϩ/ϩ or ϩ/Ϫ genotype groups; p Ͻ 0.02 by ANOVA. Data represent the means Ϯ SD of five mice for Ϫ/Ϫ, eight for both ϩ/ϩ and ϩ/Ϫ mice after calculation of ratios to expression levels in wild-type mice. The expression of promoter 4-driven Bdnf levels in the hippocampus of ϩ/Ϫ and Ϫ/Ϫ mice were significantly higher than those specific mRNA levels in ϩ/ϩ mice. **p Ͻ 0.01, Student's t test. The promoter 1 driven Bdnf mRNA levels showed no significant differences. B, Bhlhb2 ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ mice were injected intraperitoneally with KA in PBS (10 mg/kg). Total RNA was isolated from the hippocampus and amounts of Bdnf exon 4 and c-fos mRNA were determined by real-time PCR and normalized to Gapdh mRNA levels. Data represent the expression means Ϯ SD of three mice for Bhlhb2 Ϫ/Ϫ, five for Bhlhb2 ϩ/ϩ, and four for Bhlhb2 ϩ/Ϫ mice relative to ϩ/ϩ mice. Levels of promoter 4 driven Bdnf mRNA in the hippocampus of Bhlhb2 ϩ/Ϫ and Ϫ/Ϫ mice were higher than those in Bhlhb2 ϩ/ϩ mice after 90 min treatment 10 mg/kg tivity, suggesting that differential regulation occurs at this site. These differing results may be attributable to the fact that p50 homodimers can suppress transactivation by p50/p65 heterodimers acting on the same site (Guan et al., 2005) . It is possible that p50 homodimers occupy the NF-B site under basal conditions, contributing to transcriptional repression. Additional analyses are needed to further define protein-DNA complexes at the NF-B site in vivo.
When the IS was deleted, basal reporter gene expression was significantly increased. Initially, this result was surprising because the 22 bp IS did not contain any predicted negative regulatory sequences. Subsequently, we discovered that the IS contained a sequence that closely resembled a class B E-box element with the core binding site sequence 5Ј-CTCGTG-3Ј. Mutation of the E-box site alone de-repressed basal Bdnf transcription while decreasing the promoters responsiveness to NMDA receptor activation. Second mutations introduced into CRE or NF-B sites on the background of a nonfunctional E-box site normalized responsiveness to NMDA receptor activation to that of the intact promoter, supporting the idea that lack of a repressor binding site in promoter 4, although enhancing basal transcription, may actually interfere with NMDA-receptor specific activation of the promoter, perhaps through competition by the CREB and NF-B. Additional studies focused on examining the level of promoter 4 occupancy by CREB and NF-B proteins under basal and activating conditions is required to determine whether competition for binding sites occurs because the reporter plasmid studies cannot duplicate in vivo chromatin structure.
Interestingly, activity-dependent changes in DNA methylation have been suggested to play an important role in regulating Bdnf transcription (Chen et al., 2003b; Martinowich et al., 2003) . Of interest to this study, a CpG site corresponding to position Ϫ90 within this proximal E-box element was not methylated to a significant degree based on methylation patterns determined in cortical neurons (Chen et al., 2003b; Martinowich et al., 2003) . Therefore, we thought it unlikely that methylation could regulate a potential site for protein-DNA interaction acting at the E-box. Because the double-stranded E-box decoy DNAs lacked any methyl-cytosine residues, it is unlikely that the observed increase in Bdnf exon 4 mRNA levels was a result of the binding of a factor that required a modified base. Although it appears unlikely that DNA methylation is responsible for the transcriptional repression of promoter 4 acting through the IS, the methylation status of Bdnf promoter 4 is not known in our hippocampal neuron cultures. Because BHLHB2 can also serve as a site for recruitment of histone deacetylase (HDAC) in repressing promoter 4, bHLH proteins may act in regions of hypomethylation in concert with CpG methylation sites distal to the Ϫ117 to Ϫ79 promoter 4 region to remodel chromatin, thereby repressing transcription. Future experiments focusing on methylation status of Bdnf promoter 4 and changes in HDAC and MeCP2 recruitment to the BHLHB2 site in vivo will help explain epigenetic changes at this site with neuronal activity. These approaches will be particularly useful in understanding the molecular mechanisms underlying increased basal and activity-dependent promoter 4 transcriptional activity in Bhlhb2 mutant mice (see below).
Other possible repressor binding sites exist within Bdnf promoter 4. These include the proximal NF-B site (Ϫ87 to Ϫ79) and downstream sequences (Ϫ78 to Ϫ69) that may bind p50 homodimers and a distal upstream stimulatory factor (USF)/Ebox element (Ϫ119 to Ϫ124) (Chen et al., 2003a) . In this regard, it is known that NF-B p50 homodimers and USF proteins repress transcription of genes having these sites in their 5Ј flanking regions (Harris et al., 2000; Calomme et al., 2004; Grundstrom et al., 2004; Guan et al., 2005) . In fact, ChIP experiments using chromatin prepared from hippocampal neurons in the absence of activation showed that p50 and USF1 are associated with Bdnf promoter 4 (X. Jiang and R. H. Lipsky, unpublished observation). The USF1 finding is entirely consistent with an in vivo interaction of USF1 and Bdnf promoter 4 seen in cortical neurons in the absence of stimulation (Chen et al., 2003a) . Our reporter gene constructs with a deleted NF-B site had higher levels of activity under basal conditions, consistent with the idea that p50 homodimers acted on this site that was relieved after NMDA treatment. The NMDA-mediated induction of promoter 4 activity could be blocked by a specific decoy DNA (Fig. 3) that was based on the same sequence known to contain p65 subunits as part of the DNA-protein complex (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material), supporting the idea that differential binding occurs at the proximal NF-B site.
A new role for Bhlhb2 in regulating Bdnf transcription In this report, we also showed that BHLHB2 plays a crucial role in regulating Bdnf promoter 4-mediated transcription in vivo. Hippocampi from mice lacking one or two copies of the Bhlhb2 gene have increased basal levels of Bdnf exon 4 mRNA compared with Bhlhb2 ϩ/ϩ littermate control mice. These findings were supported by transfection experiments in cultured hippocampal neurons using decoy oligonucleotides, which also showed elevated basal and activity-dependent expression of Bdnf exon 4 mRNA. Support for an activation-dependent derepression of Bdnf promoter 4 was also evidenced by release of BHLBH2 from chromatin in hippocampal neurons maintained in culture and by the fact that Bhlhb2 KO mice show enhanced levels of Bdnf exon 4 transcripts when treated with KA, a known activator of Bdnf transcription (Timmusk et al., 1993; Nakayama et al., 1994) . To provide additional evidence that BHLHB2 represses Bdnf promoter 4, we showed that constitutive expression of BHLHB2 repressed Bdnf promoter 4-dependent transcription by transfected cells. However, promoter 4 activity was not completely abrogated when a DNA binding-deficient BHLHB2 protein was expressed, indicating that BHLHB2 may also repress Bdnf promoter 4 activity by a mechanism(s) that does not require direct interaction with DNA perhaps through sequestration of transcriptional activators. For example, BHLHB2 can disrupt USF-mediated transcription, via protein-protein interactions (Dhar and Taneja, 2001) . It is also likely that BHLHB2 interacts with other bHLH proteins, such as its close relative Sharp-1 (DEC2/BHLHB3) (Garriga-Canut et al., 2001) , to modulate transcription. Sharp-1 and BHLHB2 are both expressed in hippocampus (Rossner et al., 1997 ), although each protein shows different subregional localization. Interaction between these two bHLH protein family members is likely to have profound consequences for hippocampal function, because both genes are induced after glutamate stimulation in the adult rat (Rossner et al., 1997) , an event associated with long-term adaptive changes. It should also be noted that, although our reporter gene findings are consistent with the negative effect of BHLHB2 on Bdnf transcription, there are limitations of cell culture-based experiments to account for transcriptional effects in vivo. As mentioned previously, reporter gene constructs cannot reproduce epigenetic events such as CpG methylation or nucleosome organization (Pringle et al., 2005) . It was with these limitations in mind that generating the Bhlhb2 KO mice was justified.
Phenotypically, the Bhlhb2 KO mice were more susceptible to KA-induced seizures, suggesting that neuronal excitability is in-creased. It is well known that BDNF increases excitatory synaptic transmission in vitro in hippocampal slices (Binder et al., 2001) . It is also known that Bdnf heterozygous knock-out mice require greater doses of KA to produce seizures (Barton and Shannon, 2005) . Our finding that Bhlhb2 knock-out mice selectively increased Bdnf mRNA levels after activation with KA, suggests that Bdnf promoter 4 may be more responsive to activation. This may be attributable to the direct loss of BHLHB2 from a suppressor site on promoter 4 and possibly through remodeling of chromatin to a more "open" or transcriptionally responsive structure. Thus, BHLHB2, by controlling basal and activation-dependent BDNF transcription, could potentially regulate BDNF levels, increasing excitation of limbic and other brain regions. A role for transcription factors in modulating neuronal excitability is known. Reduced CREB activity has been shown to reduce excitability of nucleus accumbens neurons (Dong et al., 2006) , whereas loss of c-Fos leads to increased neuronal excitability (Zhang et al., 2002) . Although it is plausible that increased BDNF expression has a role in increased seizure susceptibility in the Bhlhb2 knock-out mice, a critical next step will be to characterize precisely how BHLHB2 contributes to enhanced neuronal excitability and to define the mechanisms by which BHLHB2 is regulated in response to excitation. These future studies will likely provide important molecular information in defining the mechanisms by which excitatory amino acid receptors regulate neuronal excitability and adaptive responses.
